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NATIONAL ADVISORY COMMITTEE FOR AERONAUFTICS

RESEARCH MEMORANDUM

REVIEW OF PROBLEMS OF CONSERVATION OF STRATEGIC
MATERIALS FOR TURBINE ENGINES*

By Materials Research Staff

IRTRODUCTION

Most current work on the conservatlion of strategic materials for
turbine englnes applies specifically to the turbine blade and the tur-
bine disk. Because these components operate under the severest condi-
tions of stress and temperature, they constitute the most difficult
components from which to remove strategic elements. Hence, a major por-
tion of the materisls research has been concerned with these components.
Other portions of the engine, however, also contain strategic material;
in most cases, the strategic-material content of the remainder of the
engine is far greater than that of the dlsk and the blades. This paper,
therefore, dlscusses the strategic-materiasl problems of the engine as a
whole.

The material problems of the englne may be summarized briefly as
Ffollows: The elements that are normally included in alloys to impart
high-temperature strength and resistance to corrosion are in short
supply. The most rapid progress in the early stages of development of
a glven engline can be made by using the best available materials. Dur-
ing normal peacetime conditions, when engine production is qulte low,
it may also be acceptable to make engines of the best avallsble masterials.
When production requlrements become so great, however, that there is not
enocugh material available to meet demands, methods must be sought to
minimize the strategic-alloy content of every engine. Production regquire-
ments at the present time are already very high and they are increasing.
It 1s, therefore, particularly urgent that problems of material avail-
ability be evaluated and methods be sought to reduce engine strategic-
alloy content.

This paper presents several possible approaches to the material-
conservetion problem - the advantages and disadvantages, and the relative

*¥This Research Memorandum contains essentially the same information as
presented In & speech at the NACA Turbine Meterisls and Cooling Conference

(Cleveland, 0) March 15, 1951.
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gains that might result from one, or combination of a number, of these
approaches. For the sake of simplicity, discussion is limited to con-
giderations of rew-materisal availability only. Other factors of impor-
tance such as those of cost, producibility, and manufacturing capacity,
which must inevitably be considered in meking final decisions of the
optimum spproach, are considered outside the scope of this paper.

CRITICAL MATERIALS

In order to galn an idea of the scarcity picture for each of the
important elements, refer to figure 1. This figure presents three bars
for easch element; the height of the first bar represents the estimated
availability of the element based on stock piles and production capa-
clty of the North American continent only. The availabllity bers for
the various elements are all drawn the same height, although the actual
emounts available are far different for each of the elements. There is,
for example, many times as much cobalt available as columbium. The
elements are listed in order of increasing avallability, from left to
right.

The height of the second bar for each element represents the quan-
tity of that element, relative to the availability bar, required to
maintain an arbltrary annual production rate. The rate considered 1s
low in compearison with the peak annusl engine-production rate attained
during World War II of 267,000 englnes. The third bar for each element
represents the requirements for that element for essentlal uses other
than engine production. Because the estimates involved in figure 1 are
dependent on so many unknown and changing factors, the bars are shown
broken at the top. They do indicate, however, relative magnitudes that
are sufficlently accurate for the present dicussion.

The worst case is seen to exist for columbium. Here, the quantity
required for turbine englnes alone far exceeds the quantity availsable.
BEven neglecting other essentlial uses, there would not be enough colum-
bium avallable to meet aircraft turblne-engine requirements. It is,
therefore, imperative that means be found to eliminate, or at least
drastically reduce, the use of this element.

Cobalt is the next most eritical element. Here, the requirements
for turbine engines agein exceeds the totel supply, even dlsregarding
other uses, but not by so great a factor as columbium. Elimination of
its use wherever possible 1is, however, necessary.

Tungsten is critical for a somewhat different reason. Turbine-

engine requirements are not nearly as great as the availasble supply.
The requirements for other essential uses are, however, larger than
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the supply. It is therefore desirable to restrict its use wherever
possible in order to insure that its availsbility does not’ become a
liniting factor in engine production.

Chromium metal, as distinguilshed from ferro-chromium, shows the
same general picture as tungsten in that supply is low in comparison
with total requirements, and high in comparison with turbine-engine
requirements. More encoureging, however, is the fact that there are
considereble quantities of chromite ore available from which chromium
metal (in preference to ferro-chromium) could potentially be produced,
providing that production facllities could be greatly enlarged.

Other elements that mey 1limit the production of turbine engines
are also indicated in figure 1. These are molybdenum, nickel, and
chromium in the form of ferro-chromium. While these elements are
generally avallable in large quantities, the supplies are, of course,
finite, and depending on changling requirements both for turbine engines
and for other uses, any one may become the restricting element. For
these materisls, present turbine-engine requirements are low in com-
parison with other uses and current metal-production rates are high
because of the greatly developed uses for other purposes.

LOCATION OF STRATEGIC ELEMENTS IN ENGINE

Consider next the locations at which these elements are used in a
typical turbine engine. Figure 2, which depicts the locations of
columbium, presents a schematic sketch of an axial-flow turbine engine,
with afterburner, representing a composite of a number of production
engines, and the typlcal operating temperatures that exist in the vari-
ous parts. The possible places where columblum is used are indicated by
the heavily hatches sreas. In any one engine, columbium would not be in
all of these components. Most of the columbium used 1s found as type-347
stainless steel in both the hot and cold ends of the engine. Lesser
emounts are used in blades, in those engines using such alloys as S-816
for blades. A very small amount must be considered for the disks, due
to some use of 19-9 DL slloy for this purpose. Agelin, it might be found
in Inconel-X combustion-chamber liners or in afterburners of N-155 or
Inconel-X allcys. The most striking feature gbout figure 2 is that a
ma jor percentage of the columbium used is in parts operating at fairly
low temperatures. .

The locations of cobalt are shown in figure 3. This element will

be found in a number of alloys in current use as listed in the chart.
All the applications of this element are in hot parts of the englne.



4 ] NACA RM ES51c21

Tungsten and chromium metal required for alloys are used in the
engine es indicated in figures 4 and 5, respectively. These elements
are used in stator or rotor blades, in the disk, and in afterburners
as the various alloys listed.

Chromium, in ferro-chromium, and nickel are used throughout the
engine, the amounts required being large in comparison to the metals
previously discussed. While reductions in the amounts of nickel or of
chromium required for any one component would be smell in comparison
to the over-all requirements for engines, the savings to be gained by
such conservation measures are none the less important, due to the
generally short supply of these materials.

APPROACHES TO REDUCTION OF STRATEGIC CONTENT

Several possible approasches to the strategic-material prcblem
exist. One of these consists in substitution of less strategic materi-
als, having reasonably equivalent properties, for highly strategic mate-
rials, One such substitution possible is that of type-321 stainless
steel for type-347 stainless steel. As siated previously, most of the
columbium used in an engine is contained in type-347 steel; hence, the
substitution of type-321 would greatly reduce the need for columblum.
Type-321 1s equivalent, in most properties, to type-347. The sub-
stitution path 1s being actively followed by engine manufacturers and
many such substltutions have already been made in production engines.

Another possible substitution is that of columbium-plus-tantalum
alloys for columblum, in stainless steels and in such alloys as S-816.
If such substltutions are successful, the effect would be equivalent to
Increasing the supply of columbium 30 to 50 percent.

Another example of this approach is the substitutlon of nickel-
base alloys for cobelt-base alloys, particularly where the cobalt-base
alloys also contain columbium, On the basis of American and British
experience, 1t may be possible to produce high-nickel alloys that are
essentially comparable in properties to current cobalt-base alloys.
Nimonic 90, an alloy upon which information has only recently been
released, 1s an example of these high-nickel alloys. Turbine blades of
Refractaloy 26, an alloy containing 37 percent nickel, have performed
well in engine operation.

The principal advantage of substituting nickel-base alloys for
cobalt-base alloys lles in the fact that large quantities of nickel are
avellable on the North American continent. Furthermore, turbine-engine
requirements for nickel are, in generel, smell compared to the demand for
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other uses. In order to obtaln adequate performance with nickel-bease
alloys, however, it may be necessary to use those containing some cobalt.
For example, both Nimonic S0 and Refractaloy 26 contain approximately
20-percent cobalt. The demand for cobalt would be less with use of
these alloys, however, than with use of cobalt-base alloys. A word of
caution 1s needed here., Increase in use of nickel-base slloys will
depend to a great extent on such factors as gbllity to produce the
alloys in the large amounts and in the high quelity required for air-
craft use. Present production limitations severely restrict the extent
to which utilization of nickel can be increased immedistely.

The substitutional possibilities indicated above are, of course,
only typical of this main classification. Other possibllities are
being actively pursued by the various manufacturers.

A second approach to the problem of reducing strategic-materlal use
couelsts of the direct substitution of alloys of lower strateglic-material
content for those currently in use for components that may not require
the high properties of the materials now being used. For example, in
some cases replacement of type-347 stainless steel need not be with
type-321, which reduces only columblium content, but may be as drastic as
the substitution of ordinary 1010 steel. Such a substitution would save
nickel and chromium also. Such components as outer combustion housings,
which operate at essentially low levels of stress and temperature, fall
into this category. In some cases, protective coatings may be required
to prevent corrosion. Another example is the substitution of low-alloy
steels for stainless steels in bearing housings. There are many other
similar examples throughout the engine.

A somewhat different approach to the problem of materials conserv-
ation coneists of prolonging the life of engine parts so that total
engine requirements for a specific amount of engine operation are reduced.
If the time to first fallure of existing turbine blades can be substan-
tielly lncreased by improving metallurglcal processing, the number of
spare parts requlred is reduced, as is the number of stand-by engines.
The effects are cumulative and may add up to great savings, even 1f the
use of current materials 1& continued. Similar gains, but perhaps of
smaller magnitude, may be possible by the exercise of closer control of
existing metallurgical procedures.

Another approech is the posslibllity of reducing alloy-strength
requirements by reducing metal operating temperatures. One way of achiev-
ing this 1s use of cooling. For example, reduclng blade temperature
by cooling mskes possible the use of alloys of lower strateglc content.
The potential gains from this type of approach are great. The disad-
ventages must, however, be considered: (1) There will be some loss in
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performance, and (2) some time must be allowed for the development and
service testing of effective types of blade-cooling systems. Also,
experience must be gained in manufacturing methods.

Wheel cooling can more readily be put into application than blade
cooling, especially on wheels that already are cooled at thelr centers
for protection of bearings. Changlng to cooled wheels would not only
reduce strateglc-material content, but, 1f carried far enough, would
improve the potentlal production rate because the materials that could
be used are easler to fabricate than those currently used.

Reducing gas temperature is another means of reducing alloy
requirements, but some penalty must be paid in reduction of thrust. It
is significant, however, that the reduction in temperature necessary to
bring into potentlal use materials of much reduced strateglc metal
content, are, in some cases, quite low. For example, alloys such as
16-25-6 and Nimonlc B80A cannot be considered equivalent to S-816 on the
baslis of stress-rupture properties at current operating temperatures.
Accordling to stress-rupture data, these alloys should, however, if
operated at temperatures 100° to 150° F below current temperatures,
have the same life ss S-816 at current operating temperstures. The
reduction of gas temperature by 100° F to 150° F would necessitate
accepting a reduction in thrust of about 7 to 10 percent.

Another spproach consists of development of new materlals having
lower strateglc-materiasl content but possessing properties at least
equivalent to those in current use. Progress 1n this direction in the
use of ceramlcs, cersmals, and intermetallics is being made. Ceramals
and intermetallics offer future possibilities, particularly for expend-
ible missile engines, but problems of low ductllity, in particular the
fastening problem, must be solved before these materials can he consldered
for use 1n current engines. Ceramics, while not especially promising for
turbine rotor blades, may be useful for other components such as nozzle
vanes or for protective coetings of variocus types to prevent corrcsion.

Development of useful molybdenum glloys 1s a possibllity. Molybdenum
has outstanding high-temperature properties, which will probably be fur-

ther improved by sulteble alloying. It possesses the disadvantage of very -

poor oxidation resistance, however, and its use will involve the develop-
ment of suitable protective coatings. Some progress has already been made
in this field.

Because the raw materilals for production of titanium-base alloys
are In large supply on this continent and because such alloys have
attractive strength and corrosion-resisitance properties, developments in
this field offer considerable promise. For example, & titanium alloy
would have advantages as a compressor-blade material and would replece a

274/
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l3-percent-chromium ferrous alloy currently used. Some tests of
titanium alloys already performed by the engine manufacturers for such
rarts as forged compressor bledes or dlsks are promising, = The future
feasibility of such substitutions in large numbers of englnes centers
around the development of adequate production capacity and solution of
the inherent production problems.

Improvement in component design is a promising method for reduc-
ing the strategic-material content of engines. Reduction of weight of
turoine disks 1s one method; & second is improvement of design to
minimize vibrational fatigue. Unpublished data indicate that alloys
will give a life in the engine as great as one could expect them to
have on the basis of stress-rupture tests, provided thet fatigue does
not enter to cause premature failure. Many of the failures that have
been encountered in blades have been of the fatigue types hence, improve-
ments in blade and engine design that will either reduce vibrationzl
exclting forces, make the blade more reslstant to existing exciting
forces, or introduce damping to prevent build-up of vibratory stress will
reduce the number of failures.

The final means of material conservation to be considered here has
to do with improved manufacturing and scrap-hendling procedures. The
rough weight of a pert may be as much as five times the finished weilght.
This difference means that, for some parts, as much as 80 percent of the
material procured 1s not used in the engine. The savings to be made in
this area of production are of the first order of magnitude. There will
always be scrap produced in the manufacturing processes; it is essential
that every effort be made to segregate the scrap and re-melt it for use
only in the production of highly alloyed metals. As a result, the alloy
producer could use a higher ratic of scrap to virgin material.

It should be 'polnted ocut here that it will be necessary to investi-
gate potential materlal substitutions in actual engines and to obtain
service test data on thelr performance. Very few materlal changes will
be put into general practice, regardless of laboraetory indications,
untlil a type test has been successfully completed.

JI.LUSTRATIVE EXAMPLES OF REDUCTION OF
STRATEGIC MATERTIALS
The foregoing dliscussion has enumerated various approaches that
could, either individuslly or collectively, assist in relieving the

strategic-materiasls problem. This section presents the results of
several studies that were made to provide a better understanding of the
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problem and to gain some Insight into the extent to which several
changes, selected from those previocusly enumerated, would relieve

this problem. In order to make the discusslion definite the engine
conslidered is a hypothetlcal composite.of a number of engines thet

has components in accord with manufacturers' material specifications
of some six months ago. As indicated previously, material-availability
figures are estimates made several months ago of stockpile and produc-
tion capacity of the North American continent. Because avallability
figures and material specifications are constantly changing, the use
of more recent figures would alter the precise guantitative results,
but the general trends and the conclusions to be drawn from such a
study will remaln essentially unchanged.

The results of the first study are shown in figure 6. In Sec-
tion I is plotted the number of present engines, on a relative basis,
that could be produced from available materials if productlon were
limited only by each of the various strategic elements taken succes-
sively. It is seen that columbium is indicated as the current limit-
ing element., If the number of producible englnes as restricted by
columbium supply 1s taken as unity, the number of engines that could

be built Af only cobalt supply limited production would be 55. Lim-

itation by chromium supply would be 4, by tungsten about 5, etc. It
can be seen that a much larger number of engines could be built if the
1imitation weas In ferro-chromium, nickel, or molybdenum. If type-321
stainless steel were substituted for all the type-347 stainless steel
used in the hypothetical engine, it would, as previously 1ndicated,
reduce the columbium requirements. The number of engines that could
then be bullt if each one of the elements were independently the
restricted one, is shown in Section II. It may be noted that the rela-
tive number of availsble engines has increased to about 4, and that
chromium metal has become the limiting element; columbium, cobalt, and
tungsten are, however, very close to limiting. In order %o change the
picture appreciably now, a substitution must be made that will affect
each of the first four elements shown.

The type of substitutlion assumed, and the resulis effected, are
shown in Section III. Here 1t has been assumed that all cobalt in the
engine other than that contained in the blades has been eliminated.
This essumption is not unreasonable. The blade alloy that has been
assumed has the followlng characteristics: It has a high nickel con-
tent; columbium and tungsten have been eliminated, or drestically
reduced; cobalt has been reduced to about 20 percent; and chromium
metal has been replaced by ferro-chromium (that is, the alloy is
assumed to contain a sufficient amount of iron to allow the ferro-
chromium substitution). The limiting element is now nickel and the
maximum number of engines that can be made is gbout 10 times the number
permitted by the current columbium limitation.

214/
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A logical further step at this point would be the reduction of
nickel by the introduction of disk-rim cooling and construction of the
disk from a low-nickel alloy instead of the current high-nickel alloys.
It 1s seen, however, that cobalt would scon again become the limiting
element. Substitution of a ferritic wheel materiasl would, however, be
very desirasble not only because it would reduce the amount of nickel,
but because it would simplify manufacturing procedures.

Another approach to the problem is shown 1n figure 7. The first
two sections are the same as those of figure 6. Section III assumes .
that blade temperature has been reduced about 100° to 150° F by reduc-
ing inlet-gas-temperature, and that an iron-bese alloy high in chromium,
nickel, and molybdenum has been used as the blade material. It may be
seen that while the columbium, cobalt, chromlum, and btungsten limita-
tlons have been reduced, molybdenum has become the limiting element.

This limitetion is imposed because uolybdesnum has been added to the

blades, and because the disk also contains an asppreciable amount of
molybdenum.

In order to reduce the molybdenum requlrement, a substitution must
be made in the disk. Since the gas temperature has been assumed reduced
by 100° to 150° F, it mlight be possible to substltute a twelve-percent-
chromium ferritic disk with a small amount of rim cooling, or even
directly without any cooling.

The same result could be achieved by cocoling the blade about 100©
to 150° F; the disk belng cooled incidentalily to blade cooling. The
results are shown in Section III of figure 8. Again, nickel is the .
limiting element and about 13 times as many engines can be made as when
columbium supply limited production. Further large increases in produc-
ibility could be achieved by further coolingj only, however, if nickel
is removed from other portions of the engine, as well as from the
blades. The nickel limitaetion exists because nickel is present in such
large quantitles in engine components other than the blades that simply
removing it from the blade does not appreciably alter the total amount
used in the engline. However, assuming that nickel is reduced in other
portions of the engine, temperature reductions greater than 150° F pro-
Suced by blade cooling would show up to advantage.

CONCLUDING REMARKS
The foregoing discussion has shown the need for reducing the use
of columbium and, to a slightly lesser extent, the use of cobelt, in

order that supplies of these elements may not limit engine production.
General methods by which this can be accomplished have been outlined.
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Any specific solution will probably involve combinations of the general
possibilities suggested, depending on individual engine designs and
requirements. Substantial increases in engine producibility are entirely
feasible and much actual progress 1ls being made.

Accomplishments of these changes will not be easy. Much resesarch
and development is necessary, particulerly in the field of production
problems. The capacity for manufacturing larger quantities of alloys
than heretofore possible must be attained.

Lewls Flight Propulsion Laboratory,
National Advisory Commlttee for Aeronautics,
Cleveland, Ohio.
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A logical further step at thils polint would be the reduction of
nickel by the introduction of disk-rim cooling and construction of the
disk from a low-nickel alloy instead of the current high-nickel alloys.
It is seen, however, that cobalt would soon sgsin become the limiting
element. Substitution of a ferritic wheel material would, however, be
very desirable not only because it would reduce the amount of nickel,
but because it would simplify menufacturing procedures.

Another epproach to the problem is shown in figure 7. The first
two sections are the same as those of flgure 6. Section IIT assumes
that blade temperature has been reduced gbout 100° to 150° F by reduc-
ing inlet-gas-temperature, and that an iron-base alloy high in chromium,
nickel, and molybdenum has been used as the blade material. It may be
seen that while the columbium, cobalt, chromium, and tungsten limita-
tions have been reduced, molybdenum has become the limiting element.
This limitation is imposed because uwolybdenum has been added to the
blades, and because the disk also contains an appreciable amount of
molybdenum.

In order to reduce the molybdenum requirement, a substitution must
be made in the disk. Since the gas temperature has been assumed reduced
by 100° to 150° F, .it might be possible to substitute a twelve-percent-
chromium ferritic disk with a small amount of rim cooling, or even
directly without any cooling.

The same result could be achieved by cooling the blade about 100°
to 1500 F; the disk being cooled incidentally to blade coocling. The
results are shown 1n Section III of figure 8. Agaln, nickel is the
limiting element and about 13 times as many engines can be made as when
columbium supply limited production. Further large increases in produc-
ibility could be achieved by further cooling; only, however, if nickel
is removed from other portions of the englne, as well as from the
blades. The nickel limitation exists becsuse nickel 1s present 1in such
large quantities in englne components other than the blades that simply
removing it from the blade does not appreciably slter the total amount
used in the engine. However, assuming that nickel 1s reduced in other
portions of the engine, temperature reductions greater than 150° F pro-
duced by blade cooling would show up to advantage.

CONCLUDING REMARKS
The foregoing discussion has shown the need for reducing the use
of columbium and, to a slightly lesser extent, the use of cobalt, in

order that suppllies of these elements may not limit engine production.
General methods by which this can be accomplished have been ocutlined.
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Any speciflc solution will probably involve comblnations of the general
possibilities suggested, depending on individual engine designs and
requirements. Bubstantial increases in engine producibllity are entirely
feasible and much actual progress is being made.

Accomplishments of these changes wlll not be easy. Much research
and development 1s necessary, particularly in the fleld of production
problems. The cepacity for manufeacturing larger quantities of alloys
than heretofore possible must be attalned.

Lewis Flight Propulsion Laboratory,
National Advisory Commlttee for Aeronautics,
Cleveland, Ohio.
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Figure 3. - DISTRIBUTION OF COBALT IN ENGINE
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Figure 6. — INCREASED ENGINE PRODUCIBILITY

Figure 7. ~ INCREASED ENGINE PRODUGIBILITY
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REMOVE COBALT IN REST OF ENGINE
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